The members of the Cooperation Council for the Arab States of the Gulf have typically addressed water scarcity problems by building energy-intensive desalination plants. Few efforts have addressed water scarcity through metering, pricing, and other efficiency measures to reduce demand. This paper examines how decreased leakage in the water distribution system and decreased residential water use in Abu Dhabi, United Arab Emirates, could decrease air pollutant and greenhouse gas emissions from desalination plants. We developed a probabilistic model to predict the effects of water use reductions on pollutant emissions from Abu Dhabi's major independent water and power plants, which use a combination of multi-stage flash distillation and multi-effect distillation to produce fresh water from seawater drawn from the Arabian Gulf. We examine three categories of scenarios for reducing water use: increasing the price signal to residential users, instituting demand management programs among residential users, and reducing water loss in the distribution system. Our analysis suggests that water conservation price incentives could reduce air pollutant and greenhouse gas emissions by 1% to 5%, depending on assumptions about how households respond to the incentives. Demand-side management programs curbing per capita water use to levels typical of the Singapore or the UK would curb emissions by 10% or 11%, respectively. Reducing water loss during distribution from the current high level of 35% to 15% (similar to loss rates in other developed nations) could cut emissions by more than 3%. Overall, our analysis suggests that high per capita water use contributes to ambient air pollution and greenhouse gas emissions in Abu Dhabi.
Background
The countries that make up the Cooperation Council for the Arab States of the Gulf (GCC) have the scarcest per capita renewable freshwater resources in the world, and their demand for water continues to increase [1] . Within the GCC, the United Arab Emirates (UAE) has one of the highest per capita consumption levels, at 525 to 600 liters per capita per day (l/c/day) in 2007 [2, 3] . The UAE is able to maintain this high consumption level by producing fresh water through desalination plants. These plants burn fossil fuels that contribute to air pollution and greenhouse gas emissions [4] . The objective of this paper is to examine how decreases in residential water use and water loss during distribution in Abu Dhabi City (the capital of the UAE) could decrease air pollutant and greenhouse gas emissions from desalination plants. We quantify the total annual mass reductions in nitrogen oxides (NO x ), SO 2 , particulate matter (PM), carbon monoxide (CO), and carbon dioxide (CO 2 ) emissions expected to occur as a result of plausible interventions to reduce water use.
Air quality is an increasing concern in Abu Dhabi. A recent analysis indicated that more than 545 deaths per year may be attributable to ambient air pollution in the UAE, with 208 of those in Abu Dhabi emirate [5, 6] . A recent project to prioritize environmental risks in the UAE ranked air quality as the highest concern [7] . The government of Abu Dhabi is actively exploring additional options to improve air quality. As Abu Dhabi considers its options, an important question is the extent to which reducing emissions from specific pollution sources could improve air quality. The analysis presented in this paper can help to inform decisions about air quality management in Abu Dhabi City. Since the UAE has high per capita emissions of greenhouse gases, we also assess the extent to which water use contributes to Abu Dhabi's releases of CO 2 .
Water in Abu Dhabi City is heavily subsidized. Citizens (UAE nationals) receive water for free, whereas non-nationals pay 2.2 Dhs/m 3 (US $0.60) -about 25% to 30% of the total cost to produce and supply water to consumer taps. The total annual cost of producing residential water in 2008 was US $572 million, of which the government subsidized US $423 million [8, 9] . Partly as a result of this large subsidy, water consumers have little incentive to reduce their consumption. Residential water demand and related water subsidy costs are expected to increase as Abu Dhabi City's population continues its rapid growth (5.2%/year) [10] . Abu Dhabi's major independent water and power plants (IWPPs) simultaneously generate energy for electricity and produce desalinated water, using some of the waste heat from energy production to power the desalination process. However, waste heat alone is insufficient to meet all the power needs for desalination; a considerable amount of fossil fuel is burned for water production, contributing to the release of air pollutants and greenhouse gases [2] . Siddiqi and Anadon recently estimated that desalination uses 12% to 22% of the total electricity produced in the UAE [11] .
We developed a probabilistic model to examine the trade-offs between domestic water consumption and emissions of air pollutants and greenhouse gases (PM 10 , NO x , SO 2 , CO, CO 2 ) generated from the major IWPPs located along the coast of Abu Dhabi emirate (at Taweelah, Mirfa, Umm Al Nar, and Shuweihat). In this paper, we use the model to explore how different options for reducing residential water consumption in Abu Dhabi City could affect water demand and atmospheric pollutant emissions. Raluy et al. showed that more than 90% of the environmental loads (energy use, raw materials, emissions, and waste products) of desalination plants are associated with the operating stage of the plants, with less than 10% of the load attributed to construction and end-of-life emissions [12] . Therefore, this paper focuses on the energy requirements of the water production stage since this stage causes majority of the environmental impacts.
Desalination effects on atmospheric pollution: previous studies
Several previous life cycle assessments have examined the environmental effects (including air quality effects) of different desalination technologies. A study by Raluy et al. found that multi-stage flash distillation (MSF) technology, followed by multi-effect desalination (MED), generated the most atmospheric pollution. However, when residual heat is used to help power the thermal processes of MSF and MED, emissions can be reduced to an order comparable to that of a reverse osmosis (RO) plant [13, 14] .
Stokes and Horvath conducted a full life cycle assessment of water management options in California, concluding that the energy and air emission footprint in California would be 1.6 to 3.4 times larger if the state used RO desalinated seawater than if water were imported or recycled [15] . Using the California energy mix and life cycle emissions, the study determined that desalination would consume 2.3 to 2.5 times more energy and emit 2.3 to 2.4 times more carbon dioxide, 1.8 to 3.4 times more nitrogen oxides, 1.6 to 1.9 times more particulate matter, and 2.4 times more sulfur oxides than if water were imported or recycled.
A study by Alameddine and El-Fadel [16] used the Industrial Source Complex-3 model to simulate plume dispersion of SO 2 from a typical IWPP located in the Arabian Gulf. Simulation results indicated that the impact of SO 2 stack emissions in several instances can lead to concentrations exceeding international health standards for SO 2 , depending on the sulfur concentration of the fuel source [16] .
Rubio-Maya et al. [17] conducted a feasibility analysis of a combined cooling-heating power plant with a desalination unit to supply a tourist resort on the Mediterranean coast of Spain. They concluded that although RO consumes less energy than MED when considered in isolation from power production and heating/cooling operations, overall, the use of MED offered greater potential for reductions in greenhouse gas emissions due to the ability to link the production schedule for desalinated water to the availability of waste heat from the power generation and cooling units [17] .
Although studies have shown that atmospheric emissions are a major component of the environmental impact caused by desalination plants, to our knowledge, no studies have been conducted to determine the fraction of total air pollutant and greenhouse gas emissions arising from desalination plants in energy-rich and waterscarce regions of the world. This is the first study to examine how steps to reduce water consumption through demand management and reduced water losses can benefit air quality in Abu Dhabi.
Current water tariff
According to the World Bank, nations in the Arabian Gulf region have typically dealt with water scarcity from the supply side by building desalination plants to generate fresh water to meet the growing demand. Few, if any, efforts are in place to improve demand management of urban water supplies through metering, pricing, or other efficiency-improving measures [1] , despite ample evidence that people change consumption habits based on price or alternative demand-side management policies (information campaigns, retrofit subsidies, water rationing, or use restrictions) [18] .
According to information from the Abu Dhabi Distribution Company (ADDC), water tariffs are 2.2 Dhs/m 3 (US $0.60) for non-nationals and free for nationals [9] . Furthermore, 35% of water entering the distribution system goes unaccounted for: 16% due to physical losses from leaky pipes and the remainder due to mismanagement (such as unbilled connections) [2] . Ironically, nationals are charged 0.05 Dhs/kW h (US $0.014) for electricity, yet pay nothing for water even though production of 1 m 3 of desalinated water uses an average of 22.4 kW h (which would cost Dhs 1.12 or US $0.31 if bought at current rates) [19] .
A number of different options are available for governments to employ to try to decrease residential water demand. One option is to increase the price of water. A previous research study by Abu Qdais and Al Nassay provides an indication of how nationals and nonnationals might respond to changes in domestic water prices in Abu Dhabi in the short term [8] . Based on a short-term study of 90 households, they determined that in Abu Dhabi City, the price elasticity of water (in other words, the percent change in water quantity demanded in response to the percent change in water price) is −0.072 (standard deviation (SD) = 0.0089). This elasticity is low, which is consistent with previous research showing that residential water demand is comparatively inelastic, for three reasons: (1) there is no close substitute for water in most of its uses, (2) the amount spent on water is a relatively small fraction of the typical household budget, and (3) water is often jointly demanded with some other good or service [18] . Nonetheless, as this study and others have demonstrated, financial incentives can reduce water demand. Furthermore, over the longer term, one would expect to see a higher absolute value of elasticity -and thus further reductions in water use -in response to a financial incentive.
Water tariffs are a management tool that the UAE could examine more closely in order to create an efficient system for the residential water sector. Yet, pricing water is a complex and controversial issue for several reasons. First, policymakers often disagree about the objectives of a water pricing system; some view the primary objective as a provision of affordable water, while others view it as a sustainable management of scarce resources. Second, water managers may disagree about the effects of implementing a particular water tariff because empirical studies on customers' reactions to long-term price changes are often lacking. Third, no market test exists for different tariff structures; many tariff structures are tried simply because they are feasible and can accomplish a portion of the objective [20] . Finally, adding to these complexities in the Arabian Gulf region, water subsidies are viewed as an essential service that governments provide to citizens, and hence, reducing these subsidies is likely to be highly controversial.
Policy tools other than raising water price have also shown considerable promise in reducing water consumption. Demand-side management programs established in California and Las Vegas have been effective in conserving water. Las Vegas introduced a turf removal program, replacing turf with more water-efficient landscapes. Replacing grass with a drought-tolerant natural landscape for the desert ecosystem reduced water use by an average of 76%, saving 2,260 l/m 2 of irrigated land each year [21] . In a study in California, Renwick and Green concluded that public information campaigns and retrofit subsidies reduced household water consumption by 8% and 9%, while water rationing and water restriction dropped consumption by 19% and 29%, respectively [18] .
With the population growth that Abu Dhabi is experiencing and the high costs of producing desalinated water, current water pricing policies, as well as a range of options for curtailing demand, should be examined more closely. This paper examines how such incentives could reduce air pollutant and greenhouse gas emissions from major desalination plants serving Abu Dhabi City.
Methods
The model created for this study incorporates probabilistic inputs and site-specific data to run Monte Carlo simulations (using Analytica 4.2 software, Lumina Decision Systems, Los Gatos, CA, USA). The model estimates total reductions in PM, NO 2 , SO 2 , CO, and greenhouse gas emissions from Abu Dhabi's IWPPs under different water consumption scenarios. We use 2008 as the base year for our estimates since it was the most recent year for which water production figures were available at the time our analysis was conducted.
The amount of water produced, along with the type of technology employed, determines the amount of energy needed to desalinate the water. This energy use, in turn, determines how much fuel is consumed in producing water. The type and amount of fuel combusted then determine how much pollution is emitted. In estimating atmospheric emissions, our model uses local water demand data along with data about specific desalination technologies and fuels employed at each IWPP. The following sections provide details on the model's components.
Current residential water demand
Residential water production in Abu Dhabi for 2008 was calculated using reports from Abu Dhabi Water and Electricity Company and ADDC. The ADDC receives 70% of desalinated water produced, and 44% of this travels to the residential sector. Of the water that ADDC distributes, 35% is lost, 16% due to physical leakage and the rest from technical and administrative losses [2] .
Our model divides residential water users into two main groups, nationals and non-nationals, and then subdivides these groups by housing type. Based on information from the Regulation and Supervision Bureau (responsible for overseeing potable water quality), nonnationals living in flats consume 160 to 220 l/c/day, whereas those in villas use 270 to 730 l/c/day. This trend is also seen among UAE nationals: families in flats use around 165 l/c/day, villa households use 460 to 1,760 l/ c/day, and families in shabias (a form of housing traditionally provided by the government for citizens) use 610 to 1,010 l/c/day [3] . The variation in consumption between users suggests that many different water policies will be needed to reach targeted goals. On average across all these groups, residential water demand was 544 l/c/day during the study year [9] . These current water use rates constitute the baseline scenario.
Scenarios
We examine the potential reduction in air pollutant and greenhouse gas emissions under several scenarios of decreased water use. First, we assess the potential effects of price changes. Even though increasing water prices may not be politically feasible in the UAE, quantifying the effects of price changes serves as a proxy for the potential effects of other, politically feasible demand-side management programs, such as rebates for xeriscaping or water-efficient fixtures. Our model examines how residential consumption could change as water price (or equivalent rebates offered to households that reduce water use) fluctuates near its average cost, 7.4 Dhs/m 3 (US $2.00). Then we consider air emission reductions if per capita residential water consumption levels in Abu Dhabi were reduced to those of several other developed countries (Australia, Spain, Singapore, and the UK) -all of which have lower per capita residential water use rates than Abu Dhabi -through demand-side management. We also examine how air emissions would decrease if water use were curtailed to per capita rates in the UAE in 2000. Last, we consider the effects of decreasing the volume of water lost during distribution below the current rate of 35%.
Elasticity
The scenarios in which water prices are increased (or rebates are offered) require an estimate of the price elasticity of water. As noted above, Abu Qdais and Nassay, in a study of 90 households, determined that the shortterm price elasticity of water is approximately −0.07 [8] . However, for two reasons, this elasticity may not adequately represent how water demand in Abu Dhabi might respond to financial incentives. First, since Abu Dhabi's water consumers to date have paid only a very small fraction of the cost of production, Abu Qdais and Nassay's observed elasticity may not apply to the large financial incentive (whether cash rebate for decreased water use or charge for use) needed to reflect the full cost of production. It is possible that elasticity would increase (i.e., become increasingly negative) as the price increases and water consumes a larger fraction of the household budget (or offers a larger potential rebate). Second, Abu Qdais and Nassay's study estimated the short-run elasticity of water, but the long-run elasticity of demand should be used to predict long-term changes in consumption. Based on previous studies, the long-run elasticity tends to be approximately 0.2 to 0.3 points lower than the short-run elasticity of water [22] . Using this estimate, Abu Dhabi City's long-run price elasticity should be around −0.37 to −0.27. This elasticity range is closer to the average elasticity of water that Dalhuisen and Florax found in their meta-analysis of price elasticity of water demand, averaging −0.38 (range, −1.3 to +0.1) in 282 observations [23] . An Espey et al. meta-analysis showed an average elasticity of −0.51, while Nauges and Whittington showed that price elasticity for water from private connections ranges from −0.3 to −0.6 in developing countries [24, 25] . Based on this information, our model examines three different scenarios of demand elasticity: (1) −0.072 (SD = 0.0089) from Abu Qdais and Al Nassay [8] , (2) −0.27, and (3) −0.37.
We use the following function to estimate how water demand changes with price:
where w = demand, p = price, ε = elasticity, and α = a constant determined by dividing current demand by current price raised to a power equal to the elasticity. The function is based on the assumption that elasticity is constant. The parameter alpha is estimated from current demand and price information. Elasticity does not always stay constant as price changes. Nonetheless, the assumption of constant elasticity represents a conservative estimate of water reduction due to financial incentives. In theory, water becomes more elastic as its price rises, resulting in a greater subsequent reduction because the water bill makes up a greater portion of a typical household income or because the value of the jointly demanded good or service is less desirable at the higher water price.
Energy use
The amount of energy used to produce water depends on the desalination technology that the plant employs and the plant's overall operational efficiency (considering both the fraction of fossil fuel converted to useable energy and the fraction of waste heat captured to support desalination). Three different technologies are used in the GCC to process seawater into potable water: MSF, MED, and RO. Table 1 shows information on the energy requirements of each of these technologies, as estimated from a meta-analysis of previous studies. As shown, MSF is the most energy-intensive of the three. Despite this drawback, the majority (85.3%) of the desalination units at Abu Dhabi's IWPPs are MSF systems, with 8.9% using MED and 5.8% using RO [2] . All of the major desalination facilities located within the emirate of Abu Dhabi in 2008 used MSF and MED; the use of RO occurred only in a facility in the emirate of Fujairah, which exports water to Abu Dhabi, and in small facilities serving remote communities or desalinating brackish groundwater [2] . None of the major installations included in this analysis use RO. The high reliance on MSF systems among these major installations is driven by the high salinity levels in the Arabian Gulf due to the performance limitations of the other technologies (especially RO) under high-salinity conditions [26] .
Each major desalination facility in this analysis employs a different mix of MSF and MED technologies and therefore uses a different amount of energy to produce a unit volume of water. We employed data available from the Abu Dhabi Water and Electricity Company and Environment Agency-Abu Dhabi to determine the percentage of total annual produced water volume treated by each technology in each desalination unit [2] . Then for each plant, we estimated the energy needed to produce 1 m 3 of water as a weighted average of the energy requirements of each technology:
where Energy water is the amount of energy (kW h) required to produce 1 m 3 of water from the given desalination unit, E MSF and E MED are the energy requirements per 1 m 3 of water produced by MSF and MED systems, respectively, and W MSF and W MED are the percentages of water processed by the two technologies at the given desalination unit. We represent E MSF and E MED as triangular probability distributions with the parameters (determined from the review of previous studies) shown in Table 1 .
To calculate the total amount of energy actually used to produce 1 m 3 of water at each plant, we divided the amount of energy required to produce water (Energy water ) by an efficiency factor. The efficiency factor accounts for energy lost when converting fossil fuel to useable energy and energy gained by reusing waste heat. The efficiency factor is computed from the following equation:
where E Gross is the gross amount of energy produced by the plant, E wasteheat represents the energy content of waste heat used in water production, and totalfuel is the energy content of the fuel consumed by the plant. Therefore, the total amount of energy actually used to produce 1 m 3 of water (denoted Energy water,total ) is given by Energy water;total ¼ Energy water Eff ð4Þ
Atmospheric emissions
The fuel mix at each desalter determines the mass of pollutants emitted per unit volume of fuel consumed. The calculation of emissions per unit of fuel is based on the U.S. Environmental Protection Agency (U.S. EPA) estimates for the different boiler types in use at each desalting unit [33] . Based on U.S. EPA emission factors for each boiler-fuel combination, we calculate statistical emission factors (g/MMBtu) for each plant. More than 99% of the energy mix burned at these plants is natural gas, with the remainder provided by fuel oil, crude oil, and gas oil [34] . To estimate the total emissions for each plant attributable to residential water production under each scenario, we multiply the emission rate (g/kW h) for each plant by the total energy (Energy water , total , in kW h/m 3 ) used for water production and by the total amount of water produced to meet residential demand in Abu Dhabi City in 2008.
Results and discussion
We present results for three scenarios of decreased water use:
financial incentives alone, a decrease in per capita consumption (via a package of demand-side management incentives) to levels observed in other developed countries or to those in Abu Dhabi in 2000, and Refers to the number of previous research studies used to estimate the statistical parameters shown. The mode was estimated from central values reported in relevant previous studies [12, 14, 15, 19, [26] [27] [28] [29] [30] [31] [32] . The minimum and maximum values were determined as the lowest and highest reported energy use for the particular technology in previous studies.
a decrease in water loss in the distribution system.
Although we express financial incentives as a price increase, a more politically feasible option might be to offer cash rebates to households that decrease their volumetric water use from prior years or use less than some predetermined threshold volume. Table 2 summarizes atmospheric pollutant emissions from the IWPPs under the baseline scenario as well as under these alternative scenarios.
Scenario 1: financial incentives
As noted above, the actual elasticity of water in Abu Dhabi in response to a long-term price signal is unknown because of a lack of previous studies in Abu Dhabi. Thus, we consider three elasticity scenarios. First, under the most conservative assumption (i.e., assuming the smallest decrease in water use in response to a financial incentive), using projections from Abu Qdais and Al Nassay [8] , per capita consumption decreases by a relatively small amount: from 544 to 500 l/c/day. These figures suggest an approximately 1% decrease in emissions of all atmospheric pollutants from IWPPs. Assuming that water is slightly less inelastic at −0.27, per capita consumption would decline to 390 l/c/day, resulting in a reduction of approximately 4% of IWPP emissions for all pollutants. When the price elasticity is −0.37, water consumption drops to 350 l/c/day, cutting emissions by approximately 5%.
Scenario 2: package of incentives
If Abu Dhabi City could establish incentives (whether price signals, information campaigns, rebate programs, water reuse programs, or other initiatives) sufficient to curtail per capita consumption to levels observed in the year 2000 (323 l/c/day), results suggest an approximately 6% reduction of atmospheric pollutant emissions. Because Australia consumes large volumes of water and has regions that suffer from physical water scarcity, it can serve as another benchmark for comparison. If Abu Dhabi City's per capita consumption levels could be decreased to match those in Australia (490 l/c/day on average), atmospheric emissions would decrease by approximately 1%. If Abu Dhabi City instead consumed water at a level matching that in Spain (320 l/c/day), where the northern region is approaching water scarcity, emissions would drop by almost 6%. Singapore also relies heavily on reclaiming wastewater and desalination due to its limited water resources. Singapore has a per capita consumption rate of 160 l/c/day, which if matched would reduce emissions from Abu Dhabi IWPPs by about 10%. If Abu Dhabi City were able to decrease consumption to levels observed in the UK (a water-rich country using only minimal water, 150 l/c/ day), emissions would decrease by approximately 11%.
Scenario 3: decreased water loss
If water consumption is assumed constant but less water is lost during distribution, emissions will also decrease. Typically, in high-income countries, about 10% to 15% of water produced at a treatment plant is lost somewhere between the plant and the consumer, mostly through leaks in the water distribution system [35] . This figure increases to above 50% in low-income countries [36] . During 2008 in Abu Dhabi, 16% of desalinated water was lost through physical leakage and another 19% from mismanagement (such as illegal and unmonitored connections) [2] . If 5% more water is used (decreasing the loss rate to 30%), approximately 1% fewer atmospheric emissions from IWPPs will follow. If losses are reduced to 25%, emissions would be 2% lower. A loss rate of 20% corresponds to an approximately 3% reduction in emissions. The model shows that every 5% decrease in water loss results in a 1% emission reduction.
Comparison of options
All scenarios of reduced water consumption lead to reductions in atmospheric emissions (Table 2) . Each scenario changes just one parameter (water financial signals, per capita water use, or water loss) while holding all other parameters constant. Based on these results, the effectiveness of different water management options in reducing atmospheric emissions can be compared. Also, our model can be used to estimate emission reductions achievable under combinations of scenarios.
At a long-term price elasticity of −0.07, implementing financial incentives (such as rebates or water charges) that reflect the full price of producing and distributing residential water decreases emissions by amounts comparable to emission reductions achieved by decreasing the amount of unaccounted-for water to 30% (from its current level of 35%). These expected reductions are similar to the reductions predicted to occur if water consumption is equivalent to that in Australia. If the elasticity is actually −0.37 (the lowest value assumed in this analysis), indicating a stronger response to financial signals, then financial incentives would lead to consumption levels similar to those of Spain or of the UAE in 2000.
If Abu Dhabi desires to achieve water consumption levels consistent with those in the most water-efficient developed countries, then a combination of demand-side management practices will be required. Financial incentives and the patching of leaks in the distribution system do not result in water use reductions substantial enough to decrease UAE's per capita consumption to the conservatively low levels observed in Singapore or the UK.
Limitations
Emission reductions depend on three major inputs in this model. Emissions per unit of fuel estimates are based on U.S. EPA data, which provide the most extensive estimates available on emissions associated with boiler technologies used in the UAE. In addition, our analyses may have overstated the efficiency of the IWPPs due to overweighting the value of waste heat, causing an underestimate of emissions from water production. Furthermore, our estimate of the energy used to produce water is based on a nine-study metaanalysis using triangular probability distributions to represent the possible range of energy consumption needed to produce potable water for different kinds of desalination plants. A further limitation of our analysis is that it focuses on the production of potable water and does not perform a full water-energy analysis; it does not include distribution, end use (heating water for washing, cooking, or cleaning), or wastewater treatment due to the lack of data. It also includes residential water use only, which accounts for only 44% of total desalinated water use in Abu Dhabi [2] . Including all the other water users, plus conducting a full life cycle analysis of the energy consumed through water use, would result in much greater reductions in emissions from efforts to reduce water use.
Conclusions
Despite the scarcity of water resources in the GCC, the traditional approach to address increased water demand has been to increase water supply by boosting production from desalination plants. The UAE has averaged an 11.7% annual increase in desalinated water production over the past decade [37] . This approach results in unintended consequences: increases in both amounts of energy consumed and amounts of air pollution emitted. This analysis demonstrates that establishing incentives to reduce residential water demand can result in substantial reductions in water use and air emissions. Charging UAE households full price for water (rather than subsidizing water consumption) could reduce total emissions of particulate matter, NO 2, SO 2 , CO, and greenhouse gases from Abu Dhabi's water and power plants by 1% to 5%, depending on assumptions about the price elasticity of water. Reducing water loss in the distribution system from the current high level of 35% to 15% (similar to loss rates in other developed nations) could cut emissions by more than 3%. Demand-side management programs curbing per capita water use to levels typical of Singapore or the UK would curb emissions by 10% (95% CI 8.2% to 12%) or 11% (95% CI 8.4% to 12%), respectively.
Notably, the estimates presented here consider residential water use only, accounting for only 44% of use of desalinated water produced in Abu Dhabi. Of the remaining desalinated water, 33% is used for government facilities and schools, 11% is used for commercial facilities, and 11% is used for agriculture [2] . Considering options to reduce demand by other users could yield substantial additional air quality benefits.
In order to build on this analysis, the UAE could extend the calculations to nonresidential water users. An additional step would employ air quality and risk assessment models to characterize the health benefits gained by the estimated reductions in NO x , PM 10 , CO, and SO 2 emissions that occur when water demand is curbed. Additional research in this area could enhance understanding on how the reduction of water consumption results in health benefits due to improved ambient air quality. Ambient air quality was recently ranked as the highest environmental health risk in the country [7] , which in itself may encourage new research to understand how reducing emissions from specific sources could benefit air quality. Other important topics for future research include studies on the effects of financial incentives (rebates, retrofit subsidies, water reuse programs, public information campaigns, water rationing, and water restriction policies) on water demand.
The reduction in water demand will play a key role in the development of Abu Dhabi City over the next 20 years as it grows to over 3 million residents. Using excess resources today to produce water to meet extremely high consumption rates comes at a cost to ambient air quality. The value of improved air quality should be accounted for when setting policies associated with water consumption, especially when large portions of energy-intensive potable water are lost during distribution.
